Profiles of fatty acids and triacylglycerols and their influence on the anaerobic biodegradability of effluents from poultry slaughterhouse  by Valladão, A.B.G. et al.
Bioresource Technology 102 (2011) 7043–7050Contents lists available at ScienceDirect
Bioresource Technology
journal homepage: www.elsevier .com/locate /bior techProﬁles of fatty acids and triacylglycerols and their inﬂuence on the anaerobic
biodegradability of efﬂuents from poultry slaughterhouse
A.B.G. Valladão a, A.G. Torres a, D.M.G. Freire a, M.C. Cammarota b,⇑
aDepartment of Biochemistry, Institute of Chemistry, Federal University of Rio de Janeiro, Cidade Universitária, Centro de Tecnologia, Bl. A, Sl. 549, Ilha do Fundão,
21949-900, Rio de Janeiro, Brazil
bDepartment of Biochemical Engineering, School of Chemistry, Federal University of Rio de Janeiro, Cidade Universitária, Centro de Tecnologia, Bl. E, Sl. 203, Ilha do Fundão,
21941-909, Rio de Janeiro, Brazil
a r t i c l e i n f o a b s t r a c tArticle history:
Received 31 December 2010
Received in revised form 12 April 2011
Accepted 12 April 2011
Available online 27 April 2011
Keywords:
Enzymatic hydrolysis
Fat
Lipase
Long-chain fatty acid
Poultry slaughterhouse0960-8524  2011 Elsevier Ltd.
doi:10.1016/j.biortech.2011.04.037
⇑ Corresponding author. Tel.: +55 21 2562 7568; fa
E-mail addresses: freire@iq.ufrj.br (D.M.G.
(M.C. Cammarota).
Open access under the EThe hydrolysis of efﬂuent from a poultry slaughterhouse containing 800 mg oil and grease (O&G)/L was
conducted with 1% (w/v) of an enzymatic pool obtained by solid-state fermentation with the fungus
Penicillium restrictum. The chromatographic evaluation of the lipid proﬁle during hydrolysis indicated a
higher concentration of acids after 4 h of reaction (2954 mg/L), with a predominance of oleic, palmitic,
and linoleic acids. Efﬂuent aliquots were collected after 4, 8, and 24 h of hydrolysis and tested for
anaerobic biodegradation in sequential batches. An adaptation of the biomass was observed, both in
the control experiment (with non-hydrolyzed raw efﬂuent) and in the experiments with enzymatically
pre-treated efﬂuent. The speciﬁc methane production in the control experiment was 0.248 L CH4/g
CODconsumed, and in the experiment with efﬂuent pre-treated for 4 h, this production was 0.393 L CH4/g
CODconsumed, indicating a higher methane production after enzymatic hydrolysis.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Efﬂuents from slaughterhouses contain high concentrations of
biodegradable organic matter, most of which consists of lipids
and proteins. Fat accounted for 40% of total COD in beef slaughter-
house wastewater. Lipids represented less than 1% of soluble COD
but over 67% of particulate COD in the wastewater from mixed
slaughterhouses. These non-soluble substances impede their bio-
logical treatment, because deposited fats and solids lead to bio-
mass deterioration (Masse et al., 2003; Masse and Massé, 2005;
Saddoud and Sayadi, 2007).
Among the problems caused by lipids in the anaerobic biologi-
cal treatment of wastewaters are clogging, ﬂotation, mass transfer
problems for soluble substrates, reduction of the sludge methano-
genic activity and methane production (Cammarota et al., 2001;
Pereira et al., 2004; Demirel et al., 2005; Hatamoto et al., 2007).
The inhibitory effect of lipids is commonly attributed to long-chain
fatty acids (LCFA) derived from the hydrolysis step (Lalman and
Bagley, 2002; Cirne et al., 2007; Battimelli et al., 2010; Zhang
et al., 2011). The inhibition by LCFA occurs through their adsorp-
tion onto the bacterial membrane, preventing the transport of sub-
strates and products through the biolayer, or hindering thex: +55 21 2562 7567.
Freire), christe@eq.ufrj.br
lsevier OA license.protective function also performed by the membrane, leading to
cell death. Inhibitory concentrations vary among different bacterial
groups and also among the different acids (Koster and Cramer,
1987). The detergent properties of free fatty acids (FFA) allow them
to interact with the cell membrane to create transient or perma-
nent pores of variable size. At higher concentrations, they can sol-
ubilise the membrane to such an extent that various membrane
proteins or larger sections of the lipid bilayer are released. The
key membrane-located process affected by FFA is the production
of energy caused by interference with the electron transport chain
and the disruption of oxidative phosphorylation. Other processes
that may contribute to bacterial growth inhibition or death include
cell lysis, inhibition of enzyme activity, impairment of nutrient up-
take and the generation of toxic peroxidation and autooxidation
products (Desbois and Smith, 2010).
Lauric and myristic acids are the strongest inhibitors of differ-
ent bacterial groups. However, inhibition by oleic acid is the most
studied, because this acid occurs most frequently in efﬂuents from
food industries (Pereira et al., 2004; Sousa et al., 2008). The inten-
sity of inhibition by unsaturated fatty acids increases with the
number of double bonds and with the size of the chain. Further-
more, the level of substrates degradation inhibition by a mixture
of fatty acids can be greater than the individual effect of each acid
(Koster and Cramer, 1987; Lalman and Bagley, 2002).
The use of enzymes as an auxiliary tool in the treatment of
industrial efﬂuents has attracted interest from several research
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viable, it cannot represent a signiﬁcant increase in the overall costs.
Thus, solid-state fermentation using agro-industrial residues as a
substrate for the production of enzymes is an excellent alternative
to achieve this goal (Cammarota and Freire, 2006).
Valladão et al. (2007) evaluated the use of a solid enzymatic
preparation (SEP) obtained by solid-state fermentation (SSF) in
the pre-treatment of wastewater from a poultry slaughterhouse.
Three SEP concentrations (0.1%, 0.5%, and 1.0% w/v) were evaluated
in the hydrolysis of wastewater containing four different fat levels
(150, 300, 750, and 1200 mg O&G/L). The increase in the SEP con-
centration resulted, for all O&G levels evaluated, in an increase in
the ﬁnal concentration of free fatty acids due to a higher concen-
tration of hydrolytic enzymes in the reaction medium. The results
demonstrated the need for further studies regarding the optimal
hydrolysis time, using different SEP concentrations. In this study,
tests to evaluate the anaerobic biodegradability of pre-hydrolyzed
efﬂuents were performed, with good results, especially when an
SEP concentration of 0.1% (w/v) was used in the pre-hydrolysis
process. The effect of the enzymatic pre-hydrolysis was apparent
from comparison of the degradation curves of the raw efﬂuent
and that pretreated with 0.1% (w/v) SEP, both with an initial
O&G content of 1200 mg/L. After 4 days, the previously hydrolyzed
efﬂuent had 85% COD removal and 175 mL of biogas production,
whereas the raw efﬂuent had 53% and 37 mL, respectively.
Despite the good results achieved, there was a possible inhibi-
tion of the anaerobic sludge activity. This inhibition could have
been due to fatty acids formed during the enzymatic hydrolysis
with the highest SEP concentration (1.0% w/v). To conﬁrm the pos-
sible cause of this inhibition, it is necessary to evaluate the proﬁle
of fatty acids released during the enzymatic pre-treatment of
wastewater from poultry slaughterhouse.
Several studies have been conducted to elucidate the effect of
different lipids and fatty acids on the activity of microorganisms
and hydrolytic enzymes. However, most of these studies have been
conducted with synthetic substrates and pure cultures or commer-
cial enzymes, which do not represent the actual treatment condi-
tions (Lalman and Bagley, 2002; Masse et al., 2003; Pereira et al.,
2004; Mendes et al., 2006; Cirne et al., 2006, 2007; Zhang et al.,
2011). Thus, the objective of this study was to contribute to a bet-
ter understanding of anaerobic biological processes in the treat-
ment of industrial efﬂuents with high lipid content. To this end,
we monitored the behavior of the triglyceride and fatty acid frac-
tions during the hydrolysis of efﬂuents from a poultry slaughter-
house using SEP obtained by solid-state fermentation (SSF), and
we also evaluated the anaerobic biodegradability of the efﬂuent
after different hydrolysis times, i.e., under different lipid proﬁles.2. Methods
2.1. Solid-state fermentation
The fungus Penicillium restrictum, isolated from babassu oil
extraction (Freire et al., 1997) was used for the production of the
enzymatic pool through solid-state fermentation. The agro-indus-
trial waste generated from the babassu seed oil extraction stage,
called babassu cake, was used as a culture medium (Gombert
et al., 1999). This cake was supplemented with 2.5% (w/w) molas-
ses, a byproduct of sugarcane processing, and inoculated with a
suspension of P. restrictum spores (107 spores/g cake). The fermen-
tation was conducted in tray reactors incubated in a fermentation
chamber with controlled temperature (35 C) and moisture (70%)
for 20 h. The lipase activity of the solid enzyme preparation was
determined according to Freire et al. (1997), with average values
of 37.3 ± 9.6 U/g.2.2. Efﬂuent and sludge characterization
The efﬂuent used was collected after ﬂotation unit of a local
poultry slaughterhouse and stored at 20 C until use. In the efﬂu-
ent characterization using standard methodologies (Greenberg
et al., 1992), the following values were obtained: pH 5.4 ± 0.3,
COD 1010 ± 233 mg/L, BOD5 638 ± 17 mg/L, O&G < 10 mg/L, total
Kjeldahl nitrogen 216 ± 12 mg/L, and total phosphorus 14 ± 7 mg/
L. Fat removed from the ﬂotation unit (waste) from the same place
was added to the efﬂuent in sufﬁcient quantity to obtain an oil and
grease (O&G) concentration of 800 mg/L. The anaerobic sludge was
collected in the UASB reactor (upﬂow anaerobic sludge blanket) in
operation in the same slaughterhouse, and contained a concentra-
tion of volatile suspended solids of 11,461 mg/L and speciﬁc meth-
anogenic activity of 0.10–0.16 g CODCH4/g VSS.d.
2.3. Enzymatic hydrolysis/evaluation of anaerobic biodegradability
The hydrolysis step, conducted at 30 C for up to 24 h, used 1.0%
(w/v) of SEP. After 4, 8, and 24 h of hydrolysis, aliquots of the efﬂu-
ent were removed and submitted to anaerobic biodegradation
tests. The tests were conducted in triplicate in penicillin-type
100 mL ﬂasks, containing 90 mL of medium composed of anaerobic
sludge and raw efﬂuent (control) or enzymatically pre-treated
according to COD (initial values): VSS (sludge in the ﬂask) ratio
of 1:1. The pH was adjusted to 7.0 before contact with the sludge,
and the ﬂasks were sealed with a rubber lid and an aluminum seal
and incubated at 30 C until the biogas production stabilized. The
parameters monitored to assess biodegradability were biogas pro-
duction and composition and COD removal efﬁciency. In order to
assess the cumulative effect of the raw and hydrolyzed fat in the
anaerobic sludge, we performed experiments with successive
sludge reuse. At the end of the ﬁrst anaerobic biodegradability test,
when biogas production had stabilized, all the contents of ﬂasks
were centrifuged (1200g for 10 min) and the supernatant was dis-
carded. The sludge used in the ﬁrst test was rinsed twice with dis-
tilled water and an aliquot was removed to determine the VSS
concentration. This sludge was then used as inoculum in the sec-
ond anaerobic biodegradability test. The entire procedure was re-
peated once more for the third anaerobic biodegradability test.
The volume of biogas produced in the anaerobic biodegradability
tests was measured through the dislocation of the embolus of cal-
ibrated plastic syringes connected to the ﬂasks. The methane con-
centration in the biogas was determined by gas chromatography
(GC–TCD) and soluble COD was measured in samples ﬁltrated on
membrane with pore size of 0.45 micrometers according to stan-
dard methods (Greenberg et al., 1992).
For statistical analysis, the analysis of variance with multiple
factors was used (ANOVA Multi factor) with a conﬁdence interval
of 95% (a = 5%) for factor hydrolysis time and the ﬁnal variables
COD, methane volume, LCH4/g CODconsumed, g CODCH4/g VSS.d and
equivalent degraded load in the different contacts between sludge
and efﬂuent (1st, 2nd and 3rd contacts). Comparisons were made
for each variable within the same contact (1, 2 or 3). The Fisher test
was used for comparisons between means.
2.4. Lipid proﬁle survey
During the hydrolysis process, at the times of 0, 4, 8, and 24 h,
20 mL of sample was collected and immediately frozen and
freeze-dried to complete dryness. The lipids were extracted
according to methodology described by Bligh and Dyer (1959).
The samples were then suspended in 5 mL of chloroform:methanol
(10:1 v/v), and were stored in a freezer at 20 C until solid-state
extraction and transesteriﬁcation. The lipid fractions of triacylgly-
cerols (TAG) and free fatty acids (FFA) of samples from the different
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state extraction (Sep-Pak Cartridge Silica Waters) of 1250 lL of li-
pid extracts. The following elution sequences were used: for cho-
lesterol esters fraction, 14 mL of a mixture of benzine:ether
(99:1); for triacylglycerols (TAG) fraction, 6 mL of benzine:ether
(95:5) followed of 6 mL of benzine:ether (93:7); and for free fatty
acids (FFA) fraction, 15 mL of benzine:ether:acetic acid (90:10:1).
The TAG and FFA fractions from the solid-state extraction phase
were transesteriﬁed according to Lepage and Roy (1986). After
transesteriﬁcation, the fractions were analyzed by gas chromatog-
raphy to identify and quantify the fatty acids released during the
hydrolysis process, and also the fatty acids that formed the triacyl-
glycerol molecules that still remained in the medium. The identiﬁ-
cation was made by comparison with standard of fatty acid methyl
esters (Supelco FAME-MIX 37, Sigma). All tests were performed on
a SHIMADZU GC-14 B chromatograph equipped with detector
ﬂame ionization (280 C), split/splitless injector, operated with a
ratio of 1:40 and a temperature of 260 C, Omegawax 320 column
(30 m  0.32 mm, Supelco), and helium as carrier gas. The follow-
ing temperature gradient was used in the column: 50 C/3 min,
ramp of 6.5 C/min up to 180 C, 180 C/3 min, ramp of 2 C/min
up to 210 C, 210 C/24 min.
3. Results and discussion
3.1. Lipid proﬁle survey
Tables 1 and 2 show the percentage of lipids that were present
in smaller (63 g/100 g) and larger proportions (>3 g/100 g), respec-
tively, and were identiﬁed in fractions of triacylglycerols (TAG) and
free fatty acids (FFA) at the different reaction times. The lipid com-
ponents of poultry fat have been widely studied, and include fatty
acids with very different chain lengths (Toschi et al., 2003). In this
study, lipids with 6–24 carbon atoms were observed. Some of the
lipids detected in smaller proportions were present only in the
form of FFA, and all the acids described individually representedTable 1
Lipids identiﬁed in smaller proportions (63 g/100 g) during the enzymatic hydrolysis. TAG
Lipids TAG (g/100 g)
Hydrolysis time (h)
0 4
Caproic acid (C6:0) 0.06 0.15
Caprylic acid (C8:0) 0.04 0.10
Capric acid (C10:0) 0.14 0.42
Undecanoic acid (C11:0) nd nd
Lauric acid (C12:0) 0.88 1.05
Myristic acid (C14:0) 1.70 1.98
Myristoleic acid (C14:1) 0.08 nd
Pentadecanoic acid (C15:0) 0.17 0.20
Cis-10-Pentadecanoic acid (C15:1) nd nd
Cis-10-Heptadecanoic (C17:1) 0.08 nd
a-Linolenic acid (C18:3(n3)) 0.16 nd
Arachidic acid (C20:0) 0.35 0.78
Cis-11,14-Eicosadienoic acid (C20:2) 0.21 0.33
Eicosenoic acid (C20:1(n9)) 1.31 0.37
Cis-8,11,14-Eicosatrienoic acid (C20:3(n-6)) 0.20 nd
Cis-11,14,17-Eicosatrienoic acid (C20:3(n3)) nd 0.11
Arachidonic acid (C20:4(x-6)) 0.18 nd
Cis-5,8,11,14,17-eicosapentaenoic acid (C20:5(n3)) nd nd
Heneicosanoic acid (C21:0) 0.20 nd
Behenic acid (C22:0) 0.04 nd
Erucic acid (C22:1(n9)) 0.07 nd
Cis-4,7,10,13,16,19-Docosahexaenoic acid (C22:6(n3)) nd nd
Cis-13,16-Docosadienoic acid (C22:2) nd nd
Tricosanoic acid (C23:0) nd nd
Nervonic acid (C24:1(n9)) nd nd
nd, no detected.less than 1% of the total lipids identiﬁed in the sample (Table 1).
On the other hand, in the TAG and FFA fractions that were present
in larger proportions, oleic (11.3–33.5%) and palmitic acids
(12.4–35.8%) were predominant. These results were expected,
since these acids are reported as the most abundant saturated
and unsaturated fatty acids in efﬂuents from food processing
(Pereira et al., 2004; Sousa et al., 2008). In addition to oleic and pal-
mitic acids, signiﬁcant concentrations of lauric, myristic, stearic,
linoleic, and eicosenoic acids were also detected. Because they
are found in higher quantities in industrial wastewaters, the inhi-
bition attributed to these acids is the most studied, especially that
associated with acids containing 18 carbon atoms (Templer et al.,
2006).
Table 3 shows the changes in concentrations of different fatty
acids during the process of enzymatic hydrolysis of the efﬂuent
from the poultry slaughterhouse. Molecules in their triacylglycerol
form (TAG) were generally reduced during the hydrolysis; this
reduction was most marked between 0 and 4 h and was consistent
with the action of the enzymatic pool. Most of the free fatty acids
(FFA) evaluated increased in concentration between 0 and 4 h.
Stearic acid (C18:0) seemed to remain constant during the hydroly-
sis process. This increase is consistent with the degradation of TAG
in the same period. The behavior of the reaction medium during
the enzymatic hydrolysis was quite dynamic with the presence
of autochthonous microorganisms from the efﬂuent and fat, in
addition to the fungus of the enzymatic pool. Probably, in this per-
iod, the rate of hydrolysis of triacylglycerol molecules by SEP was
higher than the consumption rate of the acids caused by microor-
ganisms in the medium.
In the period between 4 and 8 h, contrary to expectations, the
concentration of free fatty acids (FFA) decreased, except for eicos-
enoic acid (C20:1), which increased slightly (from 54.4 to 60.4 mg/
L). This general decline continued between 8 and 24 h, indicating
that after 4 h of reaction, the consumption rate of free fatty acids
(FFA) by microorganisms was greater than the hydrolysis rate of
TAG. This phenomenon of consumption of acids produced during, triacylglycerol; FFA, free fatty acid.
FFA (g/100 g)
Hydrolysis time (h)
8 24 0 4 8 24
0.12 0.38 0.10 0.14 0.15 0.10
0.23 0.29 0.31 0.16 0.11 0.14
0.44 0.75 0.20 0.33 0.26 0.22
0.14 0.29 0.03 nd nd nd
1.35 1.68 0.66 1.29 1.05 1.15
1.76 1.60 1.63 1.92 1.76 2.11
0.10 nd 0.36 0.39 0.36 0.30
0.18 nd 0.34 0.35 0.34 0.42
nd nd 0.02 nd nd nd
nd nd 0.15 0.21 0.30 0.14
0.11 0.58 0.71 0.83 1.23 0.65
0.84 2.05 0.53 0.29 0.37 0.85
0.31 0.61 0.26 0.24 0.29 0.40
0.39 0.27 1.52 1.82 2.40 3.05
0.32 nd 0.40 nd nd nd
0.11 0.17 0.20 0.67 0.68 0.77
0.16 nd 0.04 nd 0.04 0.06
nd nd 0.23 0.19 0.20 0.26
nd nd 0.56 0.61 0.67 0.79
nd nd 0.06 0.31 0.03 0.10
0.10 nd 0.05 nd nd 0.09
nd nd 0.04 nd 0.16 0.06
nd 0.39 2.62 nd 0.06 nd
nd nd 0.09 0.09 nd 0.07
nd nd 0.03 0.13 0.02 nd
Table 2
Major lipid fractions (>3 g/100 g) obtained during the different hydrolysis times. TAG, triacylglycerol; FFA, free fatty acid.
Lipids TAG (g/100 g) FFA (g/100 g)
Hydrolysis time (h) Hydrolysis time (h)
0 4 8 24 0 4 8 24
Palmitic acid (C16:0) 33.57 35.80 29.07 12.49 29.01 27.83 27.66 36.69
Stearic acid (C18:0) 8.45 10.55 8.26 4.25 6.11 5.63 5.70 8.90
Oleic acid (C18:1(n9)) 33.53 15.41 26.01 11.36 32.41 31.71 30.44 18.28
Linoleic acid (C18:2(n6)) 8.22 5.60 7.20 3.55 10.98 11.80 12.10 11.25
Total saturated 42.02 46.35 37.33 16.74 35.12 33.46 33.36 45.59
Total monounsaturated 33.53 15.41 26.01 11.36 32.41 31.71 30.44 18.28
Table 3
Concentrations of all fatty acids identiﬁed over the hydrolysis period.
Lipids TAG (mg/L) FFA (mg/L)
Hydrolysis time (h) Hydrolysis time (h)
0 4 8 24 0 4 8 24
C6:0 0.8 1.0 0.7 0.9 1.4 2.1 2.0 1.1
C8:0 0.6 0.7 1.3 0.7 4.5 2.4 1.5 1.6
C10:0 2.0 2.6 2.5 1.7 2.7 4.9 3.3 2.5
C11:0 nd nd 0.8 0.7 0.5 nd nd nd
C12:0 11.7 6.4 7.6 3.9 17.9 37.8 25.9 25.0
C14:0 22.6 12.1 9.9 3.7 44.6 56.5 43.6 45.4
C14:1 1.2 nd 0.6 nd 5.0 5.8 4.7 3.5
C15:0 2.3 1.2 1.0 nd 4.7 5.2 4.4 4.5
C15:1 nd nd nd nd 0.4 nd nd nd
C16:0 445.4 217.7 163.1 29.0 791.4 818.0 675.1 782.8
C16:1 58.4 19.3 2.8 3.3 159.2 175.4 147.8 118.5
C17:1 1.1 nd nd nd 2.0 3.1 3.0 1.5
C18:0 112.2 64.2 46.4 9.9 166.5 165.4 138.1 188.3
C18:1(n9) 444.9 93.7 145.9 26.3 885.4 933.6 755.0 396.7
C18:2(n6) 109.1 34.1 40.4 8.2 305.0 351.9 309.6 249.9
C18:3(n3) 2.2 nd 0.6 1.4 10.1 12.6 15.3 7.6
C20:0 2.9 2.0 1.8 1.4 7.6 4.3 4.2 9.4
C20:1(n9) 17.4 2.3 2.2 0.6 42.7 54.5 60.5 68.5
C20:2 1.6 nd nd nd 3.6 3.6 3.4 4.3
C20:3(n6) nd 0.7 0.6 0.4 5.8 nd nd nd
C20:3(n3) 2.4 nd 0.9 nd 2.6 10.1 8.9 8.6
C20:4(n6) nd nd nd nd 0.6 nd 0.6 0.7
C20:5(n3) 0.6 nd nd nd 3.4 3.0 2.9 3.0
C21:0 2.7 nd 1.8 nd 8.0 9.2 8.5 8.9
C 22:0 1.0 nd 0.6 nd 0.9 4.9 0.3 1.1
C22:1(n9) nd nd nd 0.9 0.8 nd nd 1.0
C22:2 nd nd nd nd 38.3 nd 0.5 nd
C22:6(n3) nd nd nd nd 0.6 nd 2.2 0.8
C23:0 nd nd nd nd 1.3 1.4 nd 0.9
C24:0 nd nd nd nd 50.4 82.4 118.2 86.1
C24:1(n9) nd nd nd nd 0.5 2.1 0.2 nd
Total 1326.6 608.2 560.9 231.5 2744.6 2954.9 2507.6 2173.3
nd, no detected.
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the work of Leal et al. (2002) tests were conducted with 10% v/v
enzyme extract with and without the addition of sodium azide
(1% w/v; an anti-microbial substance which acts as a respiratory
chain uncoupler) in order to avoid the growth of microorganisms
in the former, so as to distinguish between the actions of enzy-
matic catalysis and microbial biodegradation. No signiﬁcant
changes in the evolution of free acids were observed in the assays
with only 10% v/v enzyme extract for up to 6 h of hydrolysis, after
which a decline in the free acids content was observed. This is re-
lated to the use of the produced acids as a substrate by aerobic
microorganisms, which can grow more rapidly in this assay. Cor-
roborating this hypothesis, this behavior was not observed in
experiments carried out in the presence of sodium azide (1% w/
v), where the acid content continued to increase throughout the as-
say. Because the reaction medium is rich in nutrients and contains
endogenous microorganisms, the abundance of microbial popula-
tions increases during this period, while the amount of substratefor hydrolysis decreases, increasing the observed decline, mainly
of oleic (C18:1) and linoleic (C18:2) acids. In the period between 8
and 24 h, only stearic (C18:0) and palmitic (C16:0) acids showed a
signiﬁcant increase; however, with levels slightly different from
those measured at 4 h.
Regardless of the individual behavior shown by each fatty acid,
the sum of all fatty acids identiﬁed and quantiﬁed demonstrates a
reduction in the number of triacylglycerol molecules over time
(from 1326.6 to 231.5 mg/L after 24 h), and an increase in the
amount of free fatty acids formed in the hydrolysis process up to
4 h (from 2744.6 to 2954.9 mg/L), with a decline from this period
on, as shown in Table 3. The highest content of free fatty acids,
including LCFA, was obtained after 4 h of reaction.
3.2. Evaluation of anaerobic biodegradability
Table 4 presents the results obtained in the anaerobic biodegra-
dation tests in the ﬁrst, second, and third batches with raw efﬂuent
Table 4
Results and statistical analysis of the anaerobic biodegradability tests.
Contact of the sludge with
efﬂuent
Condition Initial
COD
Final COD COD
removal
Volume
methane
Stabilization
time
LCH4/g
CODconsumed
g CODCH4/g
VSS.d
Equivalent
degraded load
(mg/L) (mg/L) (%) (mL) (d) (g COD/L.d)
1 Control 3850 182 ± 25B 95.3 ± 0.6 40.8 ± 10.1A 12 0.124 ± 0.037A 0.025 ± 0.008A 0.10 ± 0.03A
1% SEP
4 h
8775 238 ± 40C 97.3 ± 0.5 100.4 ± 4.3C 12 0.131 ± 0.007A 0.027 ± 0.001A 0.24 ± 0.01B
1% SEP
8 h
9412 173 ± 19AB 98.2 ± 0.2 102.0 ± 17.6C 12 0.123 ± 0.021A 0.026 ± 0.005A 0.24 ± 0.04B
1% SEP
24 h
7087 143 ± 15A 97.6 ± 0.2 71.4 ± 4.3B 12 0.115 ± 0.013A 0.024 ± 0.003A 0.17 ± 0.02C
2 Control 2941 887 ± 26A 69.8 ± 0.9 43.0 ± 8.1A 11 0.234 ± 0.006A 0.038 ± 0.001A 0.11 ± 0.00A
1% SEP
4 h
7166 142 ± 8B 97.9 ± 0.1 72.7 ± 3.4B 7 0.115 ± 0.006B 0.041 ± 0.002A 0.30 ± 0.02B
1% SEP
8 h
7250 128 ± 16B 98.2 ± 0.2 46.6 ± 6.0A 7 0.072 ± 0.009C 0.026 ± 0.003B 0.19 ± 0.02C
1% SEP
24 h
7525 142 ± 5B 98.1 ± 0.1 73.4 ± 8.9B 7 0.111 ± 0.016B 0.040 ± 0.006A 0.30 ± 0.04B
3 Control 2554 1210 ± 28A 53.4 ± 1.1 30.0 ± 2.5A 9 0.248 ± 0.010A 0.038 ± 0.002A 0.10 ± 0.01A
1% SEP
4 h
3350 149 ± 6B 95.5 ± 0.2 113.3 ± 28.9C 9 0.393 ± 0.110B 0.108 ± 0.030B 0.36 ± 0.10C
1% SEP
8 h
3937 128 ± 15B 96.7 ± 0.4 77.0 ± 15.7B 9 0.225 ± 0.050A 0.062 ± 0.014A 0.24 ± 0.05B
1% SEP
24 h
5160 145 ± 4B 97.2 ± 0.1 97.8 ± 0.9BC 9 0.217 ± 0.010A 0.060 ± 0.003A 0.31 ± 0.01BC
Comparisons were made for each variable within the same contact (1, 2 or 3). Same letters = values are not signiﬁcantly different; different letters = values are signiﬁcantly
different.
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different reaction times (4, 8, and 24 h). Three sequential batches
were tested to assess the cumulative effect of fatty acids on the
sludge used as the inoculum. The efﬂuent used in this study had
characteristics similar to those reported in the literature, with ini-
tial COD values ranging from 2544 to 9412 mg/L (Masse and
Massé, 2005; Saddoud and Sayadi, 2007).
Although the efﬂuent was kept in freezer until use, it was ob-
served that the initial COD values of raw and hydrolyzed efﬂuents
were reduced from ﬁrst to third batch (from 3850 to 2554 mg/L in
raw efﬂuent and from 8775 to 3350 mg/L in the pre-hydrolyzed
efﬂuent). It is likely that this result is due to the consumption of or-
ganic matter by endogenous microorganisms of psychrophilic nat-
ure during the freezing process of the efﬂuent. In addition to the
decreased COD values, an increase in turbidity and darkening of
the efﬂuent over time were observed, suggesting an increase in
microbial growth at the expense of COD consumption. A higher ini-
tial COD in the efﬂuent pre-treated with SEP compared to the raw
efﬂuent was also observed, since the fermented cake contains not
only the enzymes of interest, but also other metabolites produced
by the fungus and residual sugars of supplementation of SEP with
molasses.
Regarding the COD removal, the effect of enzyme pre-treatment
on the fat during the ﬁrst batch is not clearly understood, because,
regardless of the conditions adopted, values between 95.3% and
98.2% were obtained. However, when the sludge was reused (sec-
ond and third batches), the COD removal in the experiments with
raw efﬂuent was gradually reduced to 69.8% and 53.4%, much low-
er than removals obtained in experiments with previously hydro-
lyzed efﬂuents. After pre-hydrolysis with 1.0% SEP, more than
95% of the COD was removed in the third batch.
The low COD removal values in the experiments with raw efﬂu-
ent were expected. Non-hydrolyzed fats are adsorbed in the anaer-
obic biomass, which leads to the reduction of the microbial
activity, difﬁculty in the transport of substrates and consequently
to decreased uptake of organic matter (Cammarota et al., 2001;
Pereira et al., 2004; Demirel et al., 2005; Hatamoto et al., 2007).
Several studies have shown that lipids adsorbed to the biomass
are slowly converted into methane, and the dissolution of the col-
loidal matter and hydrolysis of the suspended material are the lim-iting steps of the biodegradation process (Petruy and Lettinga,
1997; Hu et al., 2002; Vavilin et al., 2008). In experiments using
previously hydrolyzed efﬂuents, high COD removal values were
found, even when the sludge was reused (97.8%, 98.1%, and
96.5% on average from the ﬁrst to the third batches), indicating lit-
tle or no effect of the accumulation of lipids on the biomass.
Biogas production decreased with the reuse of sludge in exper-
iments with raw efﬂuent (from 74.0 to 42.5 mL in the ﬁrst to third
batches). However, with the pre-treated efﬂuents, the biogas pro-
duction remained higher with the reuse of sludge, compared to
the control experiments (155.4, 101.7, and 152.6 mL, on average,
for all conditions evaluated in the ﬁrst, second, and third batches,
respectively). Fig. 1 shows the biogas production over time for
three successive batches. A change in the biogas production proﬁle
curves was observed, which was slower in control curves, from an
S-shape to a hyperbole, indicating an adaptation of the biomass to
medium constituents. Although a lag phase was not detected in the
experiments, greater initial biogas production rates were observed
in tests with pre-hydrolyzed efﬂuent (15.0, 7.7 and 5.6 mL/d for 4,
8 and 24 h of hydrolysis in the ﬁrst batch) as compared to control
(2.5 mL/d). The biogas production rate increased in the second
batch and almost stabilized in the third batch, while still maintain-
ing average values of 2.6 and 2.2 times (second and third batches,
respectively) higher for pre-hydrolyzed efﬂuents compared to con-
trol. This result shows that the enzymatic pre-hydrolysis stage
leads not only to a process without operational problems arising
from the presence of fat, but also can shorten the process time,
which leads to reduced installation and operation costs in treat-
ment plants. Despite the reported severe inhibition related to lipid
content, some authors cite that the systems are able to recover the
methanogenic activity and successfully degrade the substrate by
an adaptation phenomenon. However, long recovery times may
be required, which is not desirable when operating large-scale con-
tinuous digesters (Pereira et al., 2004; Cirne et al., 2007; Palatsi
et al., 2011).
Regarding methane production, Table 4 and Fig. 2 show the ef-
fects of two concurrent phenomena during the organic matter deg-
radation: the effect of the biomass acclimation to the constituents
of the efﬂuent and the SEP, and the effect of fat accumulation in the
biomass. While the former contributes to the increased methane
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anaerobic sludge in the control experiments (with raw efﬂuent) and with efﬂuents
pre-treated with 1.0% SEP for 4, 8, or 24 h.
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ticularly of methanogenic archaea (Koster and Cramer, 1987; Lal-
man and Bagley, 2002). These two phenomena resulted in an
increase in methane production in the experiments with raw efﬂu-
ent from the ﬁrst to the second batches, and then methane re-
mained almost stable in the third batch. In the experiments with
previously hydrolyzed efﬂuents, methane production decreased
slightly from the ﬁrst to the second batches, and recovered in the
third batch, in all conditions evaluated. These results suggest that
the biomass adapted to the constituents of the medium, overcom-
ing the effect of fat accumulation in the biomass. The values ob-
tained with the use of 1% SEP during 4 h of hydrolysis after
adaptation (0.393 L CH4/g CODconsumed – third batch) were much
higher than those obtained in the control experiments of the sec-
ond and third batches, in which the adaptation had already oc-
curred (0.248 L CH4/g CODconsumed). As in the experiment with
efﬂuent treated for 4 h, in the experiments with efﬂuent treatedfor 8 and 24 h, the adaptation also occurred in the second to third
batches, but with speciﬁc methane production levels similar to
those obtained in the control experiments. The results obtained
after 8 and 24 h were also unexpected, and suggest possible inhibi-
tion by other compounds formed during the hydrolysis process,
since the levels of free fatty acids were lower than those found
after 4 h of reaction.
In all conditions, the equivalent degraded loads were low, indi-
cating organic matter accumulation, even for efﬂuents previously
hydrolyzed. This result may be due to an inhibition by high fat con-
centrations in control treatment and LCFA released on hydrolysis
with 1% SEP. In another works (Valladão et al., 2007, 2009), the
inhibitory effect on the biodegradability of wastewater treated
with 0.5% and 1% SEP was also observed.
Although the TAG concentration was reduced during hydrolysis,
LCFA were still present after 24 h of hydrolysis (Table 3). Still, the
degraded equivalent loads for the experiments with pre-hydro-
lyzed efﬂuent were higher than values obtained in control with
raw efﬂuent. Furthermore, in experiments with pre-hydrolyzed
efﬂuent, values increased with biomass adaptation to the medium
constituents, while values in controls remained unchanged, indi-
cating the presence of higher concentrations of slowly biodegrad-
able compounds in the latter.
Palatsi et al. (2011) conducted batch tests with fresh pig/cattle
slaughterhouse waste mixtures, with different lipid–protein ratios,
and observed that the resultant methane potentials were high
(0.27–0.30 L CH4/g COD), but also that lipids had a limiting effect
on the global process kinetics. When increasing substrate concen-
trations in consecutive batch tests, up to 15 g COD/kg, a clear
inhibitory process was monitored.
The inhibitory effect of LCFA on the metabolism of microorgan-
isms has been described in different studies (Koster and Cramer,
1987; Lalman and Bagley, 2002; Pereira et al., 2004; Cirne et al.,
2007; Palatsi et al., 2011). Fatty acids are used as additives in rumi-
nant feed in order to inhibit methanogenesis in these animals, to
prevent the waste of energy from the transformation of organic
matter ingested by the animal into gas (Zhang et al., 2008). Fatty
acids have been also used as food additives because of their antimi-
crobial activity against a number of pathogens such as methicillin-
resistant Staphylococcus aureus, Helicobacter pylori, Mycobacterium,
Bacillus subtilis, Listeria monocytogenes, and P. aeruginosa (Shin
et al., 2007; Zheng et al., 2005). This antimicrobial activity is usu-
ally attributed to unsaturated LCFA such as oleic, linoleic, and lin-
olenic acids; saturated LCFA such as palmitic and stearic acids are
less active. Zheng et al. (2005) found that linoleic acid inhibits the
FabI enzyme, an essential component for fatty acid synthesis in
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activity is due to the inhibition of fatty acid synthesis. Other unsat-
urated fatty acids such as palmitoleic, oleic, linolenic, and arachi-
donic acids also inhibit the FabI enzyme.
Skrivanová et al. (2005) evaluated the susceptibility of Clostrid-
ium perfringens to acids with chains of different lengths (C2–C18).
Lauric acid showed the highest antimicrobial activity, followed
by myristic, capric, oleic, and caprylic acids; whereas caproic, pal-
mitic, and stearic acids showed no antimicrobial activity. Shin et al.
(2007) described the antibacterial activity of eicosapentaenoic acid
against microorganisms present in foods, such as B. subtilis, L. mon-
ocytogenes, S. aureus, and P. aeruginosa, at concentrations between
500 and 1350 mg/L.
In the treatment of efﬂuents, LCFA are known inhibitors, and
may affect hydrolytic, acidogenic, acetogenic, and methanogenic
microorganisms. Their presence, even at low concentrations, can
compromise the operation of anaerobic reactors, reducing efﬁ-
ciency (Cammarota et al., 2001; Demirel et al., 2005; Templer
et al., 2006). Inhibitory concentrations vary between different bac-
teria and also LCFA (Koster and Cramer, 1987; Lalman and Bagley,
2002; Cirne et al., 2007; Battimelli et al., 2010; Zhang et al., 2011),
and Gram-positive bacteria are more vulnerable than Gram-nega-
tive bacteria (Shin et al., 2007). The inhibition also increases with
increasing chain length, with the number of insaturations, and
from the synergistic effect of two or more acids (Koster and
Cramer, 1987; Lalman and Bagley, 2002). Templer et al. (2006)
evaluated the effect of stearic, oleic, and linoleic acids (1500 and
2000 mg/L) alone or in combination on the hydrogen consumption
by a ﬂocculent anaerobic bacterial consortium. The degree of inhi-
bition depended on the exposure time and LCFA concentration, ex-
cept for cultures exposed to stearic acid, which showed no
inhibition. The following potential order of inhibition was ob-
served: linoleic acid > oleic acid > stearic acid, showing once again
that the higher the number of insaturations, the greater the inhibi-
tion. Lalman and Bagley (2002), in a similar study, concluded that
low LCFA levels (300 mg/L) did not seem to affect the anaerobic
degradation. Although many studies have examined LCFA, the inhi-
bition mechanism is still incompletely understood (Templer et al.,
2006). Unexpectedly, this study demonstrated that, when the re-
sults of the biodegradability tests and the evaluation of lipids dur-
ing hydrolysis were considered together, better results for
anaerobic biodegradability were obtained after adaptation to the
efﬂuent containing high concentrations of fatty acids (4 h hydroly-
sis reaction). Under these conditions, besides the absence of inhibi-
tion, a better speciﬁc methane yield was observed when compared
to the experiment with raw efﬂuent. It should be mentioned that
the sum (1398 mg/L) of concentrations of oleic (933 mg/L), linoleic
(300 mg/L), and stearic acids (165 mg/L) after 4 h of reaction is
similar (but not in the same proportions) to the sum of inhibitory
concentrations found in other studies (Templer et al., 2006).
Regardless of the LCFA concentration found during the hydrolysis
process, the efﬁciency of SEP in the hydrolysis of triacylglycerol
molecules throughout the reaction time should be emphasized.
Statistical analysis (Table 4) conﬁrms the results with the addition
of SEP, showing that the values obtained in control experiments
were always signiﬁcantly smaller than in experiments with addi-
tion of SEP.
4. Conclusions
The use of 1% SEP for 4 h promoted the hydrolysis of TAG pres-
ent in the efﬂuent from a poultry slaughterhouse with high con-
centration of fatty acids. However, a higher concentration of
LCFA did not inhibit the anaerobic metabolism, contrary to what
is reported in the literature for synthetic efﬂuents. Most studies
on the inhibition of anaerobic metabolism by LCFA use syntheticsubstrates, which in most cases contain only these lipids as the
source of energy. In real situations, efﬂuents from production
plants, such as that used in this study, contain many other compo-
nents, which could affect the toxicity or the effect of free fatty acids
on the biomass.Acknowledgements
This study was supported by funds from the ‘‘Coordenação de
Aperfeiçoamento Pessoal de Nível Superior’’ (CAPES), ‘‘Conselho
Nacional de Desenvolvimento Cientíﬁco e Tecnológico’’ (CNPq),
and ‘‘Fundação Carlos Chagas Filho de Amparo à Pesquisa no
Estado do Rio de Janeiro’’ (FAPERJ).References
Battimelli, A., Torrijos, M., Moletta, R., Delgenès, J.P., 2010. Slaughterhouse fatty
waste saponiﬁcation to increase biogas yield. Bioresour. Technol. 101,
3388–3393.
Bligh, E.G., Dyer, W.J., 1959. A rapid method of total lipid extraction and
puriﬁcation. Can. J. Biochem. Physiol. 37, 911–917.
Cammarota, M.C., Teixeira, G.A., Freire, D.M.G., 2001. Enzymatic pre-hydrolysis and
anaerobic degradation of wastewaters with high fat content. Biotechnol. Lett.
23, 1591–1595.
Cammarota, M.C., Freire, D.M.G., 2006. A review on hydrolytic enzymes in the
treatment of wastewater with high oil and grease content. Bioresour. Technol.
97, 2195–2210.
Cirne, D.G., Björnsson, L., Alves, M., Mattiasson, B., 2006. Effects of bioaugmentation
by an anaerobic lipolytic bacterium on anaerobic digestion of lipid-rich waste. J.
Chem. Technol. Biotechnol. 81, 1745–1752.
Cirne, D.G., Paloumet, X., Bjornsson, L., Alves, M.M., Mattiasson, B., 2007. Anaerobic
digestion of lipid-rich waste – effects of lipid concentration. Renewable Energy
32, 965–975.
Demirel, B., Yenigun, O., Onaya, T.T., 2005. Anaerobic treatment of dairy
wastewaters: a review. Process Biochem. 40, 2583–2595.
Desbois, A., Smith, V., 2010. Antibacterial free fatty acids: activities, mechanisms of
action and biotechnological potential. Appl. Microbiol. Biotechnol. 85, 1629–
1642.
Freire, D.M.G., Gomes, P.M., Bon, E.P.S., Sant’Anna Jr., G.L., 1997. Lipase production
by Penicillum restrictum in laboratory-scale fermenter: media composition,
agitation and aeration. Appl. Biochem. Biotechnol. 63–65, 409–421.
Gombert, A.K., Lopes, A., Castilho, L.R., Freire, D.M.G., 1999. Lipase production by
Penicillium restrictum in a solid-sate fermentation using babassu oil cake as
substrate. Process Biochem. 35, 85–90.
Greenberg, A.E., Clesceri, L.S., Eaton, A.D., 1992. Standard Methods for the
Examination of Water and Wastewater. American Public Health Association,
American Water Works Association. Water Pollution Control Federation, New
York.
Hatamoto, M., Imachi, H., Ohashi, A., Harada, H., 2007. Identiﬁcation and cultivation
of anaerobic, syntrophic long-chain fatty acid-degrading microbes from
mesophilic and thermophilic methanogenic sludges. Appl. Environ. Microbiol.
73, 1332–1340.
Hu, W.C., Thayanithy, K., Forster, C.F., 2002. A kinetic study of the anaerobic
digestion of ice cream wastewater. Process Biochem. 37, 965–971.
Koster, I.W., Cramer, A., 1987. Inhibition of methanogenesis from acetate in
granular sludge by long-chain fatty acids. Appl. Environ. Microb. 53, 403–409.
Lalman, J., Bagley, D.M., 2002. Effects of C18 long chain fatty acids on glucose,
butyrate and hydrogen degradation. Water Res. 36, 3307–3313.
Leal, M.C.M.R., Cammarota, M.C., Freire, D.M.G., Sant’Anna Jr., G.L., 2002. Hydrolytic
enzymes as coadjuvants in the anaerobic treatment of dairy wastewaters. Braz.
J. Chem. Eng. 19, 175–180.
Lepage, G., Roy, C.C., 1986. Direct transesteriﬁcation of all classes of lipids in a one-
step reaction. J. Lipid Res. 27, 114–120.
Masse, L., Massé, D.I., Kennedy, K.J., 2003. Effect of hydrolysis pretreatment on fat
degradation during anaerobic digestion of slaughterhouse wastewater. Process
Biochem. 38, 1365–1372.
Masse, L., Massé, D.I., 2005. Effect of soluble organic, particulate organic, and
hydraulic shock loads on anaerobic sequencing batch reactor treating
slaughterhouse wastewater at 20 C. Process Biochem. 40, 1225–1232.
Mendes, A.A., Pereira, E.B., Castro, H.F., 2006. Effect of the enzymatic hydrolysis
pretreatment of lipids-rich wastewater on the anaerobic biodigestion. Biochem.
Eng. J. 32, 185–190.
Palatsi, J., Viñas, M., Guivernau, M., Fernandez, B., Flotats, X., 2011. Anaerobic
digestion of slaughterhouse waste: main process limitations and microbial
community interactions. Bioresour. Technol. 102, 2219–2227.
Pereira, M.A., Sousa, D.Z., Mota, M., Alves, M.M., 2004. Mineralization of LCFA
associated to anaerobic sludge: kinetics, transport limitations, enhancement of
methanogenic activity and effect of VFA. Biotechnol. Bioeng. 88, 502–510.
Petruy, R., Lettinga, G., 1997. Digestion of milk-fat emulsion. Bioresour. Technol. 61,
141–149.
7050 A.B.G. Valladão et al. / Bioresource Technology 102 (2011) 7043–7050Saddoud, A., Sayadi, S., 2007. Application of acidogenic ﬁxed-bed reactor prior to
anaerobic membrane bioreactor for sustainable slaughterhouse wastewater
treatment. J. Hazard. Mater. 149, 700–706.
Shin, S.Y., Bajpai, V.K., Kim, H.R., Kang, S.C., 2007. Antibacterial activity of
eicosapentaenoic acid (EPA) against foodborne and food spoilage
microorganisms. Food Sci. Technol.-LEB 40, 1515–1519.
Skrivanová, E., Marounek, M., Dlouhá, G., Kanka, J., 2005. Susceptibility of
Clostridium perfringens to C2–C18 fatty acids. Lett. Appl. Microbiol. 41, 77–81.
Sousa, D.Z., Pereira, M.A., Alves, J.I., Smidt, H., Stams, A.J., Alves, M.M., 2008.
Anaerobic microbial LCFA degradation in bioreactors. Water Sci. Technol. 57,
439–444.
Templer, J., Lalman, J.A., Jing, N., Ndegwa, P.M., 2006. Inﬂuence of C18 long chain
fatty acids on hydrogen metabolism. Biotechnol. Progr. 22, 199–207.
Toschi, T.G., Bendini, A., Ricci, A., Lercker, G., 2003. Pressurized solvent extraction of
total lipids in poultry meat. Food Chem. 83, 551–555.
Valladão, A.B.G., Freire, D.M.G., Cammarota, M.C., 2007. Enzymatic pre-hydrolysis
applied to the anaerobic treatment of efﬂuents from poultry slaughterhouses.
Int. Biodeter. Biodegr. 60, 219–225.Valladão, A.B.G., Cammarota, M.C., Freire, D.M.G., 2009. Evaluation of different pre-
hydrolysis times and enzyme pool concentrations on the biodegradability of
poultry slaughterhouse wastewater with a high fat content. Water Sci. Technol.
60, 243–249.
Vavilin, V.A., Fernandez, B., Palatsi, J., Flotats, X., 2008. Hydrolysis kinetics in
anaerobic degradation of particulate organic material. Waste Manag. 28,
939–951.
Zhang, C.M., Guo, Y.Q., Yuan, Z.P., Wu, Y.M., Wang, J.K., Liu, J.X., Zhub, W.Y., 2008.
Effect of octadeca carbon fatty acids on microbial fermentation,
methanogenesis and microbial ﬂora in vitro. Anim. Feed Sci. Tech. 146,
259–269.
Zhang, L., Lee, C.-H., Jahng, D., 2011. Restriction of linoleic acid inhibition of
methanization of piggery wastewater and enhancement of its mineralization by
adding calcium ions. J. Chem. Technol. Biotechnol. 86, 282–289.
Zheng, C.J., Yoo, J., Lee, T., Cho, H., Kim, Y., Kim, W., 2005. Fatty acid synthesis is a
target for antibacterial activity of unsaturated fatty acids. FEBS Lett. 579,
5157–5162.
